We present results of a radiotracking study of the black-tailed tree rat Thallomys nigricauda, based on 3 males and 4 females in the breeding season and 2 males and 5 females in the nonbreeding season. The study was conducted in the southern Kalahari thornveld, South Africa, a savanna landscape of acacia trees and patchy acacia bush. Nocturnal activity patterns, vegetation use, space use, and interactions were followed for 8-17 days. During the breeding season, males were active with 2 synchronous activity peaks shortly after sunset and late at night. Home ranges included the nests of 8-10 females, 6 different daytime resting places, and 3-5 areas of high activity. Males were mobile within home ranges of 5-10 ha (90% minimal convex polygons) that overlapped with other males and covered home ranges of several females. Activity of females was high shortly after sunset and before sunrise with 6 h of low activity between. Home ranges of nursing females were 0.001-0.03 ha and included 2 small areas of high activity (nest and foraging site) where no other adult females were observed. Animals preferred small acacia shrubs (Acacia mellifera, A. luederitzi) for foraging. During the nonbreeding season, activity of both sexes was low, with only 1 peak shortly after sunset. Although small acacia shrubs did not have foliage, they were preferred by both sexes for foraging, and rats were observed feeding on buds. Homerange size of males was 1-2 ha and of females was 0.1-0.3 ha. Contrary to earlier reports, we found tree rats living solitarily or with young offspring. We suggest that the species has a promiscuous mating system.
Tree rats of the Thallomys group are distributed widely over African woodlands and savannas (Nowak 1991) but are poorly known because of their nocturnality, arboreality, and low economic impact. In southern Africa, they feed mainly on acacia trees and shrubs (de Graaf 1981; Shortridge 1934; Skinner and Smithers 1990) . They reportedly live in groups or colonies (Nel 1975; Rautenbach 1982) , possibly consisting of members of 1 family (Roberts 1951; Stuart and Stuart 1993) or 1 breeding pair per nest plus offspring (de Graaf 1981; Smithers 1971 ). Previous studies on T. nigricauda have addressed circadian body-temperature regulation (Lovegrove and Heldmaier 1994; Lovegrove et al. 1991) , climbing behavior (Earl and Nel 1976) , and natural history (Meester and Hallet 1970) . Little information exists about any Thallomys species in the wild.
As a general rule, spatial behavior and home-range size depend on body mass, energy requirements, and habitat productivity (Swihart et al. 1988) , plus sex, mating system (Clutton-Brock 1989; Ostfeld 1985) , and mode of locomotion. Few species of arboreal small mammals have been studied (Hanski et al. 2000) . In this study of the black-tailed tree rat Thallomys nigricauda (nomenclature follows Gordon 1987 and Taylor et al. 1994) , we used live capture and radiotracking to investigate how individual tree rats use time, vegetation, and space. The analysis involved comparisons regarding sex, season, body mass, and interactions between individuals. The study was conducted in the southern Kalahari Desert of South Africa.
MATERIALS AND METHODS
Tree rats were studied in the Molopo Nature Reserve in the southern Kalahari Desert, North-West Province, South Africa (258509S, 228209E). The reserve lies in a zone of variable annual rainfall of ,100-800 mm between September and March. The Kalahari thornveld is a savanna landscape composed of acacia trees (camel thorn, Acacia erioloba, and Kalahari sand thorn, A. luederitzii), shepherd's tree (Boscia albitrunca), and stands of terminalia trees (Terminalia sericea). Common bush species are raisin bush, Grewia flava (20-30% of plant individuals), and the Acacia species (55-60%) consisting of black thorn, A. mellifera, and young A. erioloba and A. luederitzii trees. Trees and shrubs form distinct patches with sandy soil between. Grass cover varies between years and seasons.
Nests and resting places of tree rats were identified by searching stems and bases of trees for feces and the distinctive smell of excrement. Single-capture traps (Sherman Inc., Tallahassee, Florida) were tied to horizontal branches and baited with oats, peanut butter, and fruit jam. On capture, rats were sexed and weighed. Rats heavier than 45 g were fitted with a radiotransmitter (Biotrack, Wareham, United Kingdom). Transmitters weighed 1.4-2.0 g (2-4% of body mass) and had at least 21 days of battery life. Tracking was conducted on foot with a handheld antenna. Fixes (the location of an animal at 1 point in time) were recorded by their grid coordinates using a handheld GPS (Garmin International Inc., Olathe, Kansas), and tree or shrub species were classified when we were 3-10 m from the animal. Fixes at already known locations were confirmed with angular bearing from 20-30 m without close approach to the animal.
Tracking was conducted mainly at 2 sites approximately 1 km apart. Site A had many nests in large Terminalia and Acacia trees. Site B was a shrubby area with a lower density of suitable nesting trees, mainly B. albitrunca and a few Acacia. Density of tree rats at site A was probably higher than at site B since we captured more rats there with less trapping effort.
During the breeding season, animals were studied for 3 weeks in February-March 2001. Temperatures were 15-258C at night and 30-458C during daytime. The sun set at 1900 h and rose at 0625 h. Dusk and dawn lasted 40 min each. Plants had green foliage. A. erioloba, A. luederitzii, and G. flawa were flowering or fruiting during the study period. At site A we captured and tagged 1 adult, scrotal male; 1 adult, nursing female; and a smaller, nonnursing female. Two more adult females and 1 young male were captured during the radiotracking study, too late to be tagged for this study. At site B we captured 2 adult scrotal males and 1 smaller female. Only the males were heavy enough to be radiotagged. We captured 2 more adult females at site B. At 2 additional sites we captured and tagged 2 more adult, nursing females. Sites were separate and 0.5 and 1 km away from site A, respectively. Rats were followed for 9-17 days, although not successively because home ranges of males exceeded the range of transmitters. One individual had to be recaptured and fitted with a modified collar with a lengthened antenna. At the end of the study, all animals were recaptured and tags were removed.
During the nonbreeding season, tree rats were studied for 2 weeks in August-September 2001, at the end of the dry season. Temperatures were -1 to þ58C at night and 10-308C during the day. Sunset occured at ;1820 h and sunrise at ;0640 h. Only A. erioloba and B. albitrunca had foliage. A. mellifera and A. luederitzii occasionally started flowering toward the end of the study period. We tagged all animals captured at site A. Some females had open vaginas (which indicate estrus in some murids- Champlin et al. 1973 ), but no female was lactating. Two adult, scrotal males, 4 adult females, and 1 small female (the latter was probably born late in the previous breeding season) were monitored over 8 consecutive days.
During the day, rats were always inactive. For circadian activity profiles we divided the nights from 1800 to 0700 h into 13 hourly intervals. We visited each rat on 2-3 different nights during every interval (average 2.4 visits/animal per interval). We determined activity of the animal by listening to the strength and amplitude of the radio signal from a distance of 30-50 m without disturbing the animal. Rats were considered to be active if signal amplitude from the transmitter was fluctuating (indicating that animal was moving, which affected the position of the transmitter relative to the observer), animals were observed to be running or foraging, the signal or observation was from a tree or shrub too small to have a nest in its trunk, the signal or observation came from the crown of a tree, or the rat had changed its location during the last hour. Rats were considered to be inactive if signal amplitude was constant and the signal came from within a tree trunk.
Use of vegetation was analyzed by comparing the availability of plant species with fixes on that plant species, using only active fixes. Fixes were pooled for sex and season. To quantify vegetation, we counted individual shrubs and trees within a 30-m radius after radiotracking had ended. At site A we chose 2 circles at random locations. At site B we chose locations within home ranges-2 frequently and 2 rarely visited. Values were averaged over circles for each site.
Home-range size and overlap were calculated using RANGES V software (Kenward and Hodder 1997) . To minimize autocorrelation, we used fixes taken at least 2 h apart. We used up to 4 fixes per night plus the daytime location. To be able to compare the data between seasons, we used the largest number of tracking days per animal available from both seasons, thus omitting some of the data from the breeding season. Resulting data consisted of 8 days and nights with an average of 30 (64 SD) fixes per animal. We calculated minimum convex polygons (MCP-Kenward 1997) including 100% of fixes to determine the maximal area used. Ninety percent MCPs were also calculated to exclude the occasional excursion. In both seasons, females always used the same daytime resting place; thus, fixes furthest from the nesting tree were excluded for the 90% MCP calculation. For males without a single nesting tree, fixes furthest from the harmonic mean (based on the density distribution of all fixes) were excluded. The polygon method is sensitive to sample size. To determine adequate sample sizes, range size was plotted against number of fixes (Harris et al. 1990 ). In our data (Fig. 1) , 90% of the total area was attained from different males with 12-27 ( X X ¼ 19) fixes, and home-range size was stable at 16-27 ( X X ¼ 25) fixes, reaching an asymptote with ;30 fixes. For females, 90% of the total area was attained with 5-31 ( X X ¼ 28) fixes, but an asymptote was not reached. In such a situation, it may be preferable to present a home-range estimate based on a standard number of fixes that is close to the value at which most home-range estimates reach an asymptote (Harris et al. 1990 ). We did this by using ;30 fixes.
To define core areas of high activity, we conducted cluster analysis based on nearest-neighbor distances between fixes (Kenward 1987) . We included only fixes where rats had been active (Harris et al. 1990) in the analysis (17 6 5 fixes/animal). Cores were based on 85% of active fixes, excluding outliers that would substantially increase the proportional use of area as determined by a utilization distribution of cluster analysis. An increase in the proportion of the maximal area used was compared between differently sized clusters. We compared clusters containing 60-95% of fixes in 5% steps (Kruskal-Wallis Htest for 8 clusters of 13 animals: H ¼ 61, P , 0.001 [1 female, with only 1 fix location, was excluded from this analysis]). There was no increase in the proportion of area between 60% and 85% clusters of fixes (post hoc Tukey's, P . 0.820), but there was a significant increase when clusters were compared to 90% or 95% clusters (post hoc Tukey's, P , 0.001).
One-way analysis of variance was used to compare the 4 groups defined by sex and season. Groups were compared post hoc with Tukey's test, with harmonic mean samples creating homogeneous subsets. If variances were not homogeneous, data were analyzed nonparametrically. Statistic analyses were conducted with SPSS 10.1 (SPSS Inc., Chicago, Illinois). Values are presented as mean 6 SD.
RESULTS
Activity.-The proportion of active fixes was slightly (though insignificantly) higher for male tree rats in the breeding season (0.69 6 0.24) compared to all other combinations of sex and season (0.44 6 0.09 for males in the nonbreeding season, 0.43 6 0.06 for females in the breeding season, and 0.42 6 0.06 for females in the nonbreeding season; F ¼ 3.0, d.f. ¼ 3, 10, P ¼ 0.08).
All groups displayed activity patterns with a distinct peak in the early night (Fig. 2) . In the breeding season the peak lasted longer (1900-2200 h) than the nonbreeding season (1800-2000 h), and there was a 2nd peak near the end of the night. Male activity decreased slightly from 100% in the early evening to .50% around midnight and peaked again at ;90% at 0300 h. Nursing females resumed activity earlier than males (20% were active before dusk, compared with no activity by males at that time), were active with an early night activity peak of 80%, and continued longer (80% active at dawn compared with 11% for males). Between peaks, activity was very low (20-40% from 2200-0400 h), compared with males (50-60% from 2200-0300 h). In the nonbreeding season, activity of males had 1 brief peak (100% for 1 h after dark) and was zero at midnight. Female activity was more evenly distributed over the night with 25-60% of animals active each hour.
Vegetation use.-Males used many different resting places (trees) within their home ranges during the day (Table 1) , whereas adult females in both seasons used only 1 nest. Fiftyfour percent of the trees used for nests by females and for resting by males during the day were dead A. erioloba, 32% were dead Terminalia and 14% were live Boscia trees (n ¼ 29).
Foraging tree rats favored A. mellifera and A. luederitzii shrubs over other tree and shrub species. Nursing females foraged relatively more often in those species (16 of 18 fixes were in Acacia, while the count of available individual plants revealed a smaller proportion of Acacia shrubs (100 out of 230 total shrubs and trees; v 2 ¼ 11.8, d.f. ¼ 1, P , 0.001). During the nonbreeding season, Acacia shrubs were preferred for foraging by both sexes (37 of 41 fixes at site A, v 2 ¼ 28.1, d.f. ¼ 1, P , 0.001). There were no differences between preferences of males (10 of 11 fixes) and females (27 of 30; Fisher exact test, P ¼ 1.0) in the nonbreeding season. Animals were easily observed foraging on buds in shrubs without foliage. Gnaw marks were found in the bark of lower branches of some frequently used individual A. mellifera. Nonforaging activity of males in the breeding season was not preferentially in Acacia shrubs (22 of 43 fixes, 240 of 520 individual plants, sites A and B combined, v 2 ¼ 0.2, d.f. ¼ 1, P ¼ 0.6). Home ranges.-Home-range size (Table 1 ) differed among combinations of sex and season for 100% and 90% MCP and 85% activity cores (Kruskal-Wallis test; d.f. ¼ 3, H ¼ 9.6, P ¼ 0.022; H ¼ 9.6, P ¼ 0.022; and H ¼ 8.9, P ¼ 0.030). Home ranges (MCPs) of males during the breeding season were significantly larger than for all other groups (post hoc tests for homogenous subsets, P , 0.001). Males also had larger core areas of high activity than females (both seasons pooled; N ¼ 5 and 9; Mann-Whitney U ¼ 0, P ¼ 0.003). Adult females always used 2 activity cores: 1 at the nest and 1 at a preferred feeding site. Males and subadults used many different daytime resting places in addition to 2-5 sites of high activity (Table 1) . During the nonbreeding season, 1 female was repeatedly located at only 1 site; therefore, her home range was estimated at 0 and number of activity cores as 1 (female F1; Fig. 3) .
Interactions between tree rats.-In the breeding season, the home range of the male at site A overlapped with the home ranges of the 2 tagged females (overlap 44% and 9%, respectively, of 100% MCPs; Fig. 3 ). Activity cores did not overlap. One young male was repeatedly captured within the tagged male's home range. We also captured 1 other nursing female and identified 9 potential nesting sites within the male's home range. We observed the male entering an occupied nest and heard vocalizations from inside the nest afterward. Home ranges of the 2 tagged females did not overlap (Fig. 3) . Home ranges of 3 nursing females (site A plus 2 separate sites) never included a nest other than their own, and we did not observe or capture any other females within their home ranges.
At site B, home ranges of the 2 males averaged 47% in mutual overlap (100% MCP; Fig. 3 ) and 21% in mutual overlap of activity cores. Three females were observed or captured within the home ranges of the 2 males. We identified up to 10 potential nesting sites of females within the males' home ranges (Fig. 3) . Once in the early night we observed an untagged female mating with a tagged male. Nearby, another untagged male, a 2nd tagged male, and 3 other untagged adult tree rats of unknown sex were present (Fig. 3) .
During the nonbreeding season at site A (Fig. 3) , 100% MCPs of 1 male and 1 female overlapped slightly by 2%. However, their activity cores did not overlap. The small female (F2 in Fig. 3 ) and a tree rat of average size (F3) were captured in the same nest. Female F2 used a different tree for nesting during the day but was found in the nest tree used by female F3 several times on different nights. Overlap of both females' home ranges was 1% (100% MCPs) or 40% (85% activity cores). Home ranges of the 2 tagged males did not overlap, though points of capture were only 50 m apart.
DISCUSSION
The type of mating system used by a species often determines spacing and size of home ranges (Ostfeld 1990 ). In polygynous mammals (Clutton-Brock 1989), males can TABLE 1.-Home-range size of black-tailed tree rats measured by radiotelemetry during an 8-day-long tracking period. MCP, minimum convex polygon; ranges of values are given. In the nonbreeding season, 1 female was always tracked at the same location, so her home-range size was 0 (given in parentheses). occupy large home ranges, whereas females maintain small, nonoverlapping territories (Ostfeld 1985) . Spacing of females may often depend on food resources (Ostfeld 1985) , but in tree rats with very specific requirements for nesting opportunities, spacing may also be determined by availability of nesting trees. In our study on the black-tailed tree rat, home ranges of males in the breeding season were large and overlapped at 1 site. We occasionally observed or captured nonresident males within ranges of tagged males. Male ranges also included home ranges of several females. Female ranges were small, and we found no interaction between breeding females. Previous reports on social structure of Thallomys include 1 breeding pair per nest (de Graaf 1981; Smithers 1971) or groups or colonies (Nel 1975; Rautenbach 1982) consisting of members of 1 family (Roberts 1951; Stuart and Stuart 1993) , but our observations suggest a promiscuous mating system. On 1 occasion, we observed an aggregation of 3 males and 3 other rats of unknown sex, probably also males, near a receptive female. Receptive females may thus have a choice between many males, and both sexes of black-tailed tree rats may be promiscuous. Activity in both seasons was highest in the early evening, when animals foraged for green foliage. Nursing females had a distinctive activity pattern, with a 2nd peak of foraging just before dawn, probably as females prepared for the long nonforaging period during the day. This pattern presumably reflects the high-energy and water demands of nursing.
Home-range sizes of males were larger and those of females smaller than predicted by the model of Swihart et al. (1988) , which shows a general increase of home-range size in mammals with body size. According to their formula for herbivorous mammals, the predicted home-range size for an average tree rat of 75 g body mass would be 0.86 ha. MCPs (90%) of males were 20-118 times bigger than predicted (1-sample t-tests for both seasons: t ¼ 3, d.f. ¼ 4, P ¼ 0.039), and 90% MCPs of females were 3-8 times smaller (but insignificantly so: t ¼ 0.9, d.f. ¼ 7, P ¼ 0.405). Activity cores of females were 8-50 times smaller than predicted (t ¼ -29.5, d.f. ¼ 8, P , 0.001).
Mating system, access to mates, and sex of the individual may be more important than body size in determining homerange size. Similarly, the model's prediction was greatly exceeded by actual home-range size of flying squirrels (Pteromys volans- Hanski et al. 2000) , perhaps because of mode of locomotion of the flying squirrels. Spacing of suitable nesting trees may also influence intertree movements of arboreal mammals (Nel 1975) .
Long and sharp thorns of Acacia may effectively protect the tree rats from predators, which may partly explain the species' preference for Acacia shrubs. We found that home ranges of adult females were larger in the nonbreeding season, although mobility should have been reduced if predation risk would have been higher in shrubs without foliage during winter. Furthermore, during the 143 rat-days of our study, no predation was observed. A study on owl pellets in the Kalahari (Nel 1975 ) also revealed no evidence of high avian predation on tree rats. Instead of predation risk, low food availability in the nonbreeding season, coupled with independence from the nest site at that time, may explain home-range sizes. Furthermore, the subadult females that were not tied to a nestling litter also had relatively large home ranges in breeding season. Conversely, the small nonbreeding home-range size of males may reflect that larger home ranges in breeding season were related mainly to reproductive activities.
Large hollow trees, a prerequisite for breeding in tree rats, are abundant in undisturbed savanna landscapes. In large parts of the southern Kalahari, land is agriculturally managed, and it is common practice to remove trees for firewood or to gain arable land. These practices raise concern about the conservation status of Kalahari thornveld savanna woodlands (Dean et al. 1999 ) and the associated small mammal fauna.
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FIG.
3.-Home-range estimates for black-tailed tree rats in breeding and nonbreeding seasons. Site A had a higher density of suitable nesting trees than site B. Untagged females (f) were resident over the study period; untagged males (m) were probably transient. Tagged female F1 was repeatedly located at 1 site only. F2 (subadult) and F3 (adult) were captured in the same nest. F4 was a subadult, with a larger home range than typical for breeding females.
